Behaviors are complex traits influenced by multiple pleiotropic genes. Understanding the mechanisms that give rise to complex behaviors requires an understanding of how variation in transcriptional regulation shapes nervous system development and how variation in brain structure influences an organism's ability to respond to its environment. To begin to address this problem we have used olfactory behavior in Drosophila melanogaster as a model and showed that a hypomorphic transposon-mediated mutation of the early developmental gene Semaphorin5c (Sema-5c) results in aberrantt behavioral responses to the repellant odorant benzaldehyde.
ABSTRACT
Behaviors are complex traits influenced by multiple pleiotropic genes. Understanding the mechanisms that give rise to complex behaviors requires an understanding of how variation in transcriptional regulation shapes nervous system development and how variation in brain structure influences an organism's ability to respond to its environment. To begin to address this problem we have used olfactory behavior in Drosophila melanogaster as a model and showed that a hypomorphic transposon-mediated mutation of the early developmental gene results in aberrantt behavioral responses to the repellant odorant benzaldehyde.
We fine mapped this effect to the Sema-5c locus using deficiency mapping, phenotypic reversion through P-element excision, and transgenic rescue. Morphometric analysis of this Sema-5c allele reveals subtle neuroanatomical changes in the brain with a reduction in the size of the ellipsoid body. High-density oligonucleotide expression microarrays identified 50 probe sets with altered transcriptional regulation in the Sema-5c background and quantitative complementation tests identified epistatic interactions between nine of these co-regulated genes and the transposon-disrupted Sema-5c gene. Our results demonstrate how hypomorphic mutation of an early developmental gene results in genome-wide transcriptional consequences and alterations in brain structure accompanied by profound impairment of adult behavior.
INTRODUCTION
Behaviors are complex traits influenced by the expression of multiple pleiotropic genes (ANHOLT, 2004; ANHOLT and MACKAY, 2004) Understanding the mechanisms that give rise to complex behaviors requires an understanding of how variation in transcriptional regulation shapes nervous system development and how variation in brain structure influences the ability of an organism to respond appropriately to its environment. To begin to address this problem we have used olfactory behavior in Drosophila melanogaster as a model, since chemosensation is essential for survival, the olfactory system of Drosophila has been well characterized (VOSSHALL, 2000; DANAHUKAR et al., 2005) and flies are readily amenable to powerful genetic, neuroanatomical and behavioral analyses. Previously, we have shown that the genetic architecture of odor-guided behavior in this system is composed of epistatic networks of pleiotropic genes (FEDOROWICZ et al., 1998; ANHOLT et al., 2003) , that such networks are dynamic and that genes functioning early in development feature prominently in genetic ensembles that mediate adult olfactory behavior (SAMBANDAN et al., 2006) . Here, we characterize the effects of hypomorphic disruption of the early developmental gene, Semaphorin5c , on the transcriptome, on development of the central nervous system, and on adult olfactory behavior.
Semaphorins are a family of secreted and membrane-associated proteins studied extensively for their role in nervous system development, especially in axon guidance (KOLODKIN et al., 1992 and 1993; LUO et al., 1993; PUSCHEL et al., 1995) . Semaphorins have also been implicated in the function of the immune system (SHI et al., 2000; TAKEGAHARA et al., 2005) and a variety of diseases, including cancer (WOODHOUSE et al., 2003; NEUFELD et al., 2005; BASILE et al., 2006) , retinal degeneration (RICE et al., 2004; ABID et al., 2006) , schizophrenia (EASTWOOD et al., 2003) , and rheumatoid arthritis (MILLER et al., 2004) .
Members of the semaphorin gene family are characterized by a conserved semaphorin domain approximately 500 amino acids in length (GHERARDI et al., 2004; YAZDANI and TERMAN, 2006) .
The family consists of eight classes differing in their sequence and primary structures. Class 1 and 2 semaphorins have been identified solely in invertebrates, classes 3-7 are present in vertebrates with class 5 also found in Drosophila, and class V semaphorins occur only in viruses (SEMAPHORIN NOMENCLATURE COMMITTEE, 1999) .
Of particular interest to olfactory behavior is the implication of Class 3 soluble semaphorins and their receptors in axon guidance in the mouse olfactory system (RENZI et al., 2000; SCHWARTING et al., 2000; WALZ et al., 2002; TANIGUCHI et al., 2003; CLOUTIER et al., 2004) . A null mutation in Sema3F resulted in defasciculation of the vomeronasal nerve and rerouting of axons from vomeronasal sensory neurons into the main olfactory bulb. Accurate innervation of the main olfactory bulb was also dependent on Sema3F signaling (CLOUTIER et al., 2004) .
Of relevance to human disease are the Class 5 semaphorins, which contain the characteristic semaphorin domain as well as seven thrombospondin repeat elements, and a transmembrane domain (SEMAPHORIN NOMENCLATURE COMMITTEE, 1999) . A human class 5 semaphorin (Semaf) has been implicated in the cri-du-chat syndrome, a rare congenital neurological disorder (SIMMONS et al., 1998) . The cri-du-chat critical region has been mapped to human chromosome 5 in which the human Semaf locus encompasses 10% of the interval. In Drosophila a single class 5 semaphorin, Semaphorin-5c (Sema-5c) has been identified (KHARE et al., 2000; BAHRI et al., 2001) and is ubiquitously expressed in Stage 2 embryos with a striped pattern emerging at later stages. Late stage expression was observed at muscle attachment sites, the midgut and the dorsal vessel (KHARE et al., 2000; BAHRI et al., 2001) . Sema-5c expression patterns have not been characterized in the adult. Homozygous mutants of Sema-5c are viable with no detectable defects on embryonic development (BAHRI et al., 2001) . Furthermore, in a search for suppressors of the lethal giant larvae l(2)gl phenotype which exhibits neoplastic growth of the larval brain and imaginal discs, a P-element insertion near Sema-5c disrupted tumorigenesis (WOODHOUSE et al., 2003) . A well defined role for Sema-5c in neural development, however, has not yet been documented.
Recently, a P-element insertional mutagenesis screen for mutations affecting Drosophila olfactory avoidance behavior identified four independent P-element insertion lines in two different genetic backgrounds in which the P-element inserted near the Sema-5c locus. All four P-element insertion lines showed aberrant olfactory avoidance behavior, suggesting that Sema-5c may play a role in odor-guided behavior (SAMBANDAN et al., 2006) . Here, we characterize the role of Sema-5c in olfactory behavior by identifying and characterizing one of these P-element insertions in the Sema-5c gene region. We show that a P-element insertion upstream of the Sema-5c locus results in smell impaired behavioral responses. We fine mapped this effect to the Sema-5c locus using deficiency mapping, phenotypic reversion through Pelement excision, and transgenic rescue. We found that mutation of the Sema-5c gene results in subtle changes in brain morphology with a reduction in the size of the ellipsoid body.
Furthermore, we provide insights into the function of Sema-5c in adults by characterizing the genome wide transcriptional effects of the P-element insertion at the Sema-5c locus. These experiments demonstrate how hypomorphic mutation of an early developmental gene results in genome-wide transcriptional consequences and alterations in brain structure accompanied by profound impairment of adult behavior.
MATERIALS AND METHODS
Drosophila stocks: The BG01245 line was generated and donated by Dr. Hugo Bellen as part of the Berkeley Drosophila Gene Disruption Project and has a p[GT1]-element insertion at cytological position 68F in the isogenic Canton S (B) background (LUKACSOVICH et al., 2001; BELLEN et al., 2004) . The BG01245 revertant line was generated as described below. The E215 and E77 excision lines and a UAS-Sema-5c transgenic line were generously made available by Dr. Sami M. Bahri (BAHRI et al., 2001) . The transgenic construct was mobilized and placed into the Canton S (B) background, as described below Benzaldehyde avoidance assay: All behavioral assays were conducted as described previously (ANHOLT et al., 1996) . Briefly, one replicate assay consisted of a single sex group of 5 individuals, 5-7 days post-eclosion, removed from their food source approximately 1-2 hours prior to the assay. Test vials were demarcated at 3 cm and 6 cm from the bottom of the vial.
Benzaldehyde was introduced on a saturated cotton swab wedged between the cotton plug and the vial wall at the 6 cm mark. Flies were allowed to acclimate to the vial for 15 s after the introduction of the odor source. The number of flies present in the distal compartment of the vial was recorded every 5 s for 1 min. The "avoidance score" for the replicate is the average of the 10 counts. All behavioral assays were conducted in an environmental chamber at 25 °C and multiple replicate assays were conducted for each genotype. Dose response curves were determined using concentrations of 0.03%, 0.06%, 0.1%, 0.3%, 0.6%, 1%, and 3% (v/v) benzaldehyde, with subsequent behavioral assays conducted at 0.3% (v/v) benzaldehyde.
Benzaldehyde avoidance responses of Canton S (B) and BG01245 at different benzaldehyde concentrations were analyzed by a two way fixed effects ANOVA according to the model y = µ + L + S + L×S + E, where L denotes line, S designates sex, and E the environmental variation within sex and genotype. Ten replicates per sex and genotype were measured at each benzaldehyde concentration.
Quantitative Complementation Test:
The P-element insertion line (BG01245) and its coisogenic control (Canton S (B)) were crossed to excision lines E215 and E77 (BAHRI et al., 2001) . Progeny from each cross were assayed for avoidance behavior to 0.3% (v/v) benzaldehyde and significant differences between phenotypic values were assessed between excision lines crossed to BG01245 and Canton S (B). Forty replicates per genotype and sex were assayed over 3 blocks. For each complementation test, the data were analyzed by three way fixed effects ANOVA with the model y = 
Whole mount immunohistochemistry:
Brains were dissected in ice-cold Phosphate buffered saline (PBS) for up to 1 h and collected in PBS in a microcentrifuge tube on ice. All the following steps were done on a rotating platform. After removal of PBS, the brains were fixed in PBS with 3.7% formaldehyde for 15 min at room temperature followed with washes in PBS for 3 times 10 min. The tissues were then pre-incubated with PAXD (PBS + 5% Bovine serum albumin, 0.3% Triton-X100 and 0.3% sodium deoxycholate) for 10 min. Subsequently, the tissues were incubated overnight at 4 o C with PAXD containing the primary antibody at the appropriate dilution. Tissues were then washed for 4-6 hours with several changes of PAXD at room temperature and incubated overnight at 4 o C with PAXD with secondary antibody at the appropriate dilution. Tissues were washed for at least two hours with several changes prior to mounting in Vectashield medium (Vector Laboratories).
Antibody:
The monoclonal antibody 1D4 (anti-fasciclin2) was obtained from the Developmental Studies Hybridoma Bank (under the auspices of the NICHD and maintained by the University of Iowa, Department of Biological Sciences, Iowa City, IA52242) and used at a dilution of 1:100.
Cy3 and FITC-coupled secondary antibodies (Jackson Immunoresearch, Westgrove, PA, USA) were used at 1:200 and 1:100 dilutions.
Microscopy:
The anti-fasciclin2 antibody staining used for morphometric analysis was documented using an Olympus BX61 epifluorescence microscope equipped with a DP70 digital camera controlled with analySIS Software.
Morphometric analysis: For morphometric analyses, images were sampled using the analySIS software and the DP70 digital camera. Relevant dimensions (length and diameter of alpha and beta lobes and radii of ellipsoid body; see Figure. 2D ) were measured on the computer screen using a normal ruler and subsequently converted to values (expressed as percentages) relative to the distance between the two mushroom body heels. Statistical analyses used two-way ANOVA with post-hoc Tukey's tests.
Transcriptional profiles:
For each genotype and sex, total RNA was isolated from two independent replicate groups of Drosophila heads (5-7 days post eclosion) using Trizol (Gibco BRL, Gaithersburg, MD). RNA samples were purified through RNeasy columns (Qiagen, Valencia, CA) and cDNA was generated from 5 µ g of total RNA. Biotinylated cRNA probes were generated and hybridized to Drosophila high density oligonucleotide microarrays 
Epistasis:
The Sema-5c P-element mutation is recessive. To assess epistatic interactions between genes with altered transcriptional regulation in the mutant background, transheterozygous flies were generated by crossing mutant lines from the Bloomington stock center to BG01245 and Canton S (B). Ten replicates of 5 flies per sex and genotype were assayed for avoidance behavior to 0.3% and 0.6% (v/v) benzaldehyde as described above. Epistatic interactions were determined by ANOVA according to the model y = µ + G + S + C + G×S + G×C + S×C + G×S×C + E, where G (genotype), sex (S), and benzaldehyde concentration (C) are fixed main effects and E indicates environmental variance.
RESULTS

A P-element insertion near the Sema-5c gene results in aberrant olfactory behavior:
Previously, in a screen for genes influencing olfactory avoidance behavior in Drosophila, four independent p[GT1]-element insertion lines adjacent to the Sema-5c locus showed aberrant behavioral responses to benzaldehyde (SAMBANDAN et al., 2006) . The insertion BG01245 resulted in significantly reduced transcription levels of Sema-5c in larval and pupal development, whereas in the adult no such differences were observed (SAMBANDAN et al., 2006) . We conducted a comprehensive characterization of the effects of this P-element insertion line on olfactory avoidance behavior (Figure 1) . The P-element insertion in the BG01245 mutant line inserted 197 bp upstream of the first exon of Sema-5c ( Figure 1A; (SAMBANDAN et al., 2006) ).
Sema-5c contains 12 exons and is approximately 14 kb in length with two predicted alternatively spliced transcripts that differ in the number of thrombospondin type 1 repeats (KHARE et al., 2000; BAHRI et al., 2001) . Two predicted translation initiation sites have been identified in the first and second exons (BAHRI et al., 2001) . In the BG01245 line, insertion of the p[GT1]-element into an isogenic Canton S (B) background resulted in reduced avoidance responses to the standard test odorant benzaldehyde ( Figure 1B ). Reduced behavioral responses were similar for both sexes; therefore, measurements for males and females were pooled ( Figure 1B (PASYUKOVA et al., 2000; FANARA et al., 2002) using excision lines with small deletions in the Sema-5c gene, derived from an independent EP insertion line ( Figure 1A , BAHRI et al., 2001) . Results from these experiments allowed us to uncover genomic regions which fail to complement the mutant phenotype. The E77 and E215 excision lines differ in the sizes of their deletions with the E215 deletion spanning a portion of the 5' untranslated region and first three exons of Sema-5c, whereas the E77 deletion removed a smaller portion of the coding region (see BAHRI et al., 2001 ; Figure 1A ). Olfactory avoidance behavior of E77/Canton S (B) flies was not significantly different from E77/BG01245 flies indicating complementation of the mutant phenotype ( Figure   1C ). However, the E215/BG01245 genotype showed smell impaired responses relative to the E215/Canton S (B) genotype ( Figure 1C ; F 1,148 =6.84, P < 0.0098). Quantitative failure of the E215 excision to complement the BG01245 P-element insertion directly maps the effects of the mutation to the non-overlapping region of the E77 and E215 deletions of the Sema-5c gene.
To further verify that aberrant olfactory avoidance responses are due to the p[GT1]-element insertion rather than an independent mutation, we mobilized the p[GT1] transposon to obtain a precise P-element excision. Precise excision was verified by DNA sequencing the region around the original P-element insertion site. We observed significant differences in avoidance response between the control and the mutant, but not between the precise revertant and the control ( Figure 1D ; F 2,54 =32.53, P < 0.0001). Thus, precise excision of the p [GT1] construct resulted in restoration of avoidance responses to wild-type levels ( Figure 1D ).
Conclusive evidence that mutation of the Sema-5c gene is causal for the reduction in olfactory avoidance behavior was obtained by introducing an UAS-Sema-5c transgene into the BG01245 mutant background. The p[GT1] construct in the Sema-5c gene contains a GAL4 cassette (LUKACSOVICH et al., 2001 ) that can be driven by the Sema-5c promoter, allowing transgenes cloned behind a UAS promoter to be expressed in cells that normally express the disrupted gene. The Canton S (B) control, the BG01245 mutant, and the transgenic rescue line, w;UAS-Sema-5c/CS(B);BG01245, were tested contemporaneously. As expected, avoidance responses of Canton S (B) differed significantly from those of the mutant ( Figure 1E ; F 2,154 =9.52, P < 0.0001). However, introduction of the UAS-Sema-5c transgene into the BG01245 genetic background resulted in rescue of avoidance behavior to control levels with no significant difference between the transgenic line and the Canton S (B) control ( Figure 1E ).
Quantitative complementation testing with deletions, phenotypic reversion through P-element excision and transgenic rescue of avoidance responses to benzaldehyde show that disruption of the Sema-5c gene caused the observed smell impaired phenotype.
Neuroanatomical consequences of disruption of the Sema-5c gene:
In third instar Canton S (B) larvae, we observed expression of Sema-5c in scattered cells in the brain and ventral ganglion, a broad pattern of expression at the level of the thoracic ganglion, and in the mid-line glia (Supplemental Figure 1) . However, we were not able to detect expression of Sema-5c in adult brain by in situ hybridization.
It was previously suggested that hypomorphic mutations due to insertion of p[GT1]
might lead to subtle morphological defects (SAMBANDAN et al., 2006) . To examine whether disruption of the Sema-5c gene during development impacts the neuroanatomical organization of the adult brain, we performed whole-mount antibody labeling using the 1D4 monoclonal antibody against fasciclin 2. Fasciclin 2 (fas2) is strongly expressed in the ellipsoid body of the central complex, in the alpha and beta lobes of the mushroom bodies and at somewhat lower levels in the gamma lobes of the mushroom bodies (Figure 2A and 2B ). This antibody staining allows good resolution for the identification of morphological defects in these neuropils. The gross anatomy of the fas2-positive neuropils was largely intact. We did, however, observe alpha lobe defects in approximately 10% of the Sema-5c mutant brains ( Figure 2C ). These defects were never seen in the Canton S (B) wild-type controls.
We measured the diameters and lengths of the alpha and beta lobes of the mushroom bodies and the surface of the ellipsoid body ( Figure.2D ). Morphometric analyses revealed no significant differences in the diameters and lengths of the alpha and beta lobes of the mushroom bodies between controls, Sema-5c mutants (BG01245) and Sema-5c revertants (BG01245 rev) (Figures 2E, FWe did, however, observe a significant reduction in surface area of the ellipsoid body, a phenotype that was completely reverted to wild-type in the P-element excision revertant (BG01245 rev) ( Figure 2G ). A similar reversion of the phenotype was also seen in a transgenic rescue line, w;UAS-Sema-5c/CS(B);BG01245 (results not shown). These experiments demonstrate that substantial impairments in adult behavior are associated with subtle alterations in brain structure due to disruption of the early developmental gene, Sema-5c.
Disruption of the Sema-5c gene alters genome-wide expression levels: Previous studies have
shown that the insertion of single P-elements that affect olfactory avoidance behavior have genome-wide transcriptional consequences (ANHOLT et al., 2003) . Therefore, we evaluated to what extent disruption of the Sema-5c locus by the P-element results in alterations in expression levels of transregulated genes. We assessed whole genome transcriptional profiles of the BG01245 and Canton S (B) lines by RNA hybridization to high density oligonucleotide Affymetrix expression microarrays, and used two-way ANOVA to partition variation in transcript abundance between main effects of sex and line (mutant vs control genotypes), and the sex by line interaction term. We observed a total of 64 probe sets with significant difference in transcript abundance between genotypes and/or significant line by sex interaction terms, at a significance threshold of P < 0.001 (Supplemental Table 1 ; The conserved Bonferroni correction for multiple testing predicts that 14 of these co-regulated genes may be false positives). A total of 43 probe sets were significant only for the line term, with 20 up-regulated and 23 downregulated in the Sema-5c mutant background. Seven probe sets were significant for both the line and sex by line interaction terms. For three of these probe sets the direction of the effects was the same in males and females, and the interaction term was attributable to a change in relative magnitude of transcript between males and females. However, four of these probe sets, and the remaining 14 probe sets that were only significant for the sex by line interaction term, the changes in transcript abundance in the Sema-5c mutant were in opposite directions in males and females (Supplemental Table 1) Of these probe sets, genes that contribute directly to chemosensation included antdh (WANG et al., 1999) , homothorax (CASARES and MANN, 1998; DONG et al., 2000) , defective proboscis extension response 20 (NAKAMURA et al., 2002) , and odorant binding proteins (Obps) Obp56d, Obp99a, Obp99c and Obp99d (GALINDO and SMITH, 2001; HEKMAT-SCAFE et al., 2002) . Notable, the expression of Obp99a and Obp99c was down-regulated in Sema-5c mutant males and up-regulated in Sema-5c mutant females. Seven of the probe sets which differed in expression between lines represent predicted transcripts of unknown function. Gene ontology analysis identified overrepresented probe sets with altered transcript abundance in molecular function categories related to protein biosynthesis and metabolism, including purine nucleotide binding (P = 3.9E-2), nucleotide binding (P = 7.4E-2), oxidoreductase activity (P = 7.0E-2), adenyl nucleotide binding (P = 8.3E-2), signal sequence binding (P = 4.7E-2), elastase activity (P = 6.2E-2), translation regulator activity (P =6.7E-2), translation factor activity/nucleic acid binding (P = 6.2E-2), ATP binding (P = 7.0E-2), as well as odorant binding (P = 1.4E-2).
To investigate the extent to which genes with altered transcriptional regulation in the BG01245 mutant background interact epistatically with the transposon tagged Sema-5c gene, we conducted quantitative complementation tests for epistasis (PASYUKOVA et al., 2000; FANARA et al., 2002; ANHOLT et al., 2003) . We crossed the BG01245 mutant and its co-isogenic control to 24 available mutations (m) and tested the transheterozygous flies for avoidance behavior to 0.3% and 0.6% (v/v) benzaldehyde. We identified nine loci (37.5%) in which mutant alleles interacted epistatically with the Sema-5c P-element tagged gene (Table 1) . We found a significant reduction in avoidance behavior at 0.6% (v/v) benzaldehyde between mutants of co-regulated genes crossed to the BG01245 mutant compared to the control for heterogeneous nuclear ribonucleoprotein at 27C, lipid storage droplet 2, protein phosphatase 2A regulatory B subunit, CG1383, and homothorax. Eukaryotic release factor 1 and Sec61beta double heterozygotes were smell impaired at 0.3% (v/v) benzaldehyde relative to the control and double heterozygotes for signal sequence receptor beta showed reduced avoidance responses at both concentrations relative to the control genotype. Furthermore, the CG8386 mutant showed a suppressor effect as a double heterozygote with the Sema-5c mutant when tested at 0.3% (v/v) benzaldehyde, but an enhancer effect at 0.6% (v/v) benzaldehyde (Table 1) . Such plasticity of epistatic interactions and dependence on stimulus concentrations is consistent with previous observations (SAMBANDAN et al., 2006) .
Transheterozygotes were also assayed for locomotor activity. Individual flies were placed into empty vials, given a gentle tap, and after acclimating for 15 s scored for locomotor activity over a 30 s period. Nominally significant differences (P < 0. 
DISCUSSION
We showed that P-element disruption of the early developmental gene, Sema-5c, results in smell impaired behavioral responses to benzaldehyde. We mapped these behavioral effects to the Sema-5c gene using quantitative complementation tests to deletions, a precise P-element excision line, and transgenic rescue. Sema-5c mutants are homozygous viable and embryos do not show overt morphological defects (BAHRI et al., 2001) .
To assess whether disruption of Sema-5c affects the structure of the adult brain, we performed morphometric measurements on the mushroom bodies and ellipsoid body, integrative centers in the central brain that could be readily visualized by staining with an antibody to fasciclin 2. We found neuroanatomical differences in the size of the ellipsoid body and in some cases the alpha lobes of the mushroom bodies. The observation that Sema-5c is expressed in numerous structures in the third instar larval brain (Supplemental Figure 1) and that mutations in Sema-5c are associated with mild neuroanatomical defects (Figure 2 ), suggests that Sema-5c is required for normal Drosophila brain development and function. Intriguing in this regard is the demonstration that Sema-5c is linked to activation of the Dpp/Mothers against Dpp (Mad) signal transduction pathway (WOODHOUSE et al., 2003) . This suggests a possible developmental mechanism by which disruption of Sema-5c may lead to the neuroanatomical and behavioral phenotypes we describe here. The Dpp pathway is also important for synaptic development (SWEENEY and DAVIS, 2002; RAWSON et al., 2003; DUDU et al., 2006) . Thus, the observed neuroanatomical differences and the behavioral defects could be in part due to abnormal synapse structure and function. Whereas we were not able to detect expression of Sema-5c in adult brains by in situ hybridization, a previous study reported expression of Sema-5c in adult heads by real time quantitative PCR (SAMBANDAN et al., 2006) . Thus, expression of Sema-5c in the antennae cannot be excluded and would be consistent with the observed altered regulation of expression of odorant binding proteins Obp56d, Obp99a and Obp99d (Supplemental Table 1 ).
Low level or absence of Sema-5c expression in the adult brain suggests that the altered neuroanatomical features in the central brain arise as a consequence of earlier developmental impairments. This would also be consistent with the observation by SAMBANDAN et al. (2006) that the biggest differences in Sema-5c expression levels between the control Canton-S(B) line and the Sema-5c transposon-induced mutation are observed in earlier developmental stages.
Furthermore, the neuroanatomical defects we documented are more likely glial than neuronal in origin since the pattern of expression of Sema-5c in larvae is consistent with expression in glia.
The genetic architecture of olfactory behavior in adult Drosophila depends on a dynamic epistatic genetic network (ANHOLT et al., 2003) . Developmental genes, including Sema-5c, form part of this network (SAMBANDAN et al., 2006) . To assess to what extent transposon-mediated disruption of Sema-5c affects the expression of co-regulated genes, we performed transcriptional profiling. We found 50 probe sets with altered regulation in the Sema-5c mutant background (Supplemental Table 1 ). This is in accordance with previous studies which have shown that the insertion of a single P-element affecting olfactory avoidance behavior results in a similar number of genes with altered transcription (ANHOLT et al., 2003) . Quantitative complementation tests revealed significant concordance between transcriptional co-regulation and enhancer or suppressor effects on phenotypic values in transheterozygotes (Table 1) , in line with previous observations (ANHOLT et al., 2003) .
Gene ontology analysis of the altered transcriptional profile in the Sema-5c mutant implicates genes involved in protein biosynthesis, transport and secretion. The genes listed in Supplemental Table 1 can be organized in a cellular pathway that directs protein synthesis and secretion of, amongst others, odorant binding proteins, in line with a possible role of Sema-5c in support cells of the adult antenna. It is important, however, to note that the observed transcriptional profile is not necessarily due to the effect of Sema-5c disruption on a homogeneous population of cells, but may arise from a heterogeneous spatial and temporal pattern of expression. In addition, although changes in the size of the ellipsoid body and occasionally in the structure of the mushroom bodies accompany observed effects on olfactory behavior, we cannot be certain that aberrant olfactory behavior in Sema-5c flies is entirely due to effects of the mutation on the central brain. The implication of the ellipsoid body in altered olfactory behavior suggests the intriguing possibility that the ellipsoid body might play a direct role in processing olfactory information. On the other hand, the association of alterations in the ellipsoid body with altered olfactory behavior may reflect the previously demonstrated role of the ellipsoid body and other central complex structures in the control of locomotion (MARTIN et al., 1999; STRAUSS, 2002 ).
Our results demonstrate how hypomorphic disruption of an early developmental gene can alter adult brain structure and transcriptional networks that contribute to adult behavior. (A) Anti-fasciclin2 labels alpha (α), beta (β) and gamma (γ) lobes as well as the ellipsoid body (eb) (B).
(C) Short alpha lobe phenotype that was observed in seven out of 40 brains analyzed. Note that in the morphometric analysis brains were scored per scorable hemisphere (i.e. without mechanical defects caused by dissections). Expressed per hemisphere, a total of 77 hemispheres were scorable out of which seven displayed a readily identifiable short alpha lobe (arrow). This phenotype is never seen in wild-type flies.
(D) Schematic representation of the adult Drosophila brain. For alpha and beta lobes, the lengths were measured at the positions indicated in the figure (double arrows marked with α and β, respectively). The widths of the alpha and beta lobes was measured at the positions indicated by the black lines perpendicular to the lobes. For the ellipsoid body (in blue) two diameters were measured, EB-D1 and EB-D2 respectively. From these, the radii R1 and R2 were derived and the product R1xR2 was used as a measure to compare surfaces of the ellipsoid body. All measurements were expressed as percentages relative to the distance between the heels (marked as distance between alpha lobes in figure. (E) No significant differences were observed between alpha or beta lobe diameters of Canton 
